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Abstract 
This paper presents the results from a series of physical measurements conducted on core samples from the Swedish part of the 
southern Baltic Sea. The samples consist of 16 Cambrian sandstone samples (potential reservoir rock) and 9 Ordovician 
limestone samples (potential caprock). The two rock types reveal contrasting properties; axial P-wave velocity and density for the 
sandstone samples are 3.14±0.95 km/s and 2.26±0.12 gr/cm3, respectively while for the limestone samples they are 6.09±0.22 
km/s and 2.58±0.08 gr/cm3, respectively. The scatter of the evaluated properties indicates aleatory variability and epistemic 
uncertainty in the properties which can be better addressed by further tests on more samples.  
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1. Introduction  
The global emissions of the greenhouse gases have increased drastically since the mid-20th century, mainly due 
to human activities. The increase in atmospheric concentration of greenhouse gases, especially CO2, can adversely 
affect the life on the Earth. Carbon dioxide capture and storage (CCS) is considered as one of the options to reduce 
the emissions of CO2 into the atmosphere and thus mitigate the climate change [1]. 
A total of approximately 61.4 Mt (CO2 equivalent) of greenhouse gases were emitted in Sweden in 2011 from 
spread out sources consisting of both fossil- and biogenic sources [2]. CO2 storage may not have been the main target 
for greenhouse gas mitigation in Sweden, given the spread out of the sources and regarding the Swedish bedrock 
which is predominantly consisting of crystalline and metamorphic rocks [3]. However, the climatic situations and 
corresponding environmental regulations necessitate development of CCS in Sweden. Sedimentary basins with 
suitable aquifers that fulfill the CCS requirements of depth, net sand, porosity and permeability are present in 
Paleozoic southern Baltic Sea, Mesozoic south west of Skåne and southern Kattegat [4].  
The Swedish Baltic Sea basin has been subjected to a wide range of geological and geophysical investigations 
since the 70’s by the Swedish Petroleum Exploration AB (OPAB) [5]-[7] and Geological Survey of Sweden (SGU). 
The existing data from these studies include density, porosity, permeability, thermal conductivity and thermal 
diffusion of totally 100 sandstone and limestone core samples. However, the varying quality of the existing data 
challenges individual ranking of potential aquifers. Also, the quantity of the measurements are not comparable to 
similar studies e.g. in other neighboring countries of the Baltic Sea basin [8]-[9]. Within the past few years, 
researches have commenced to evaluate the suitability of the potential basins for CCS in Sweden, as presented e.g. in 
[10]-[11].  
This study aims at characterizing some of the interrelationships between the pre-existing petrophysical properties 
and recently-measured properties (ultrasonic P-wave velocity and density) of the potential reservoir rock and 
caprock from southern Swedish Baltic Sea. The objective is to better understand the implications of the evaluated 
properties for CO2 storage in Sweden. It should be noted that the formations in the Swedish side of the Baltic Sea 
(Gotland and its surroundings) are considered as probable targets for shallow CO2 injection; the conditions for deep 
CO2 injections in supercritical state cannot be met in depths less than nearly 800 m [1].  
The average of the existing petrophysical properties of the reservoir rock and caprock samples at the Swedish 
Baltic Sea basin are compared to those of the CO2 injection site at Ketzin, Germany. Ketzin is a small-scale test site 
for shallow CO2 injection, where a successful injection operation has been conducted. The comparison has shown 
the potential of the Swedish Baltic Sea basin for CO2 storage together with the challenges and data gaps to be 
addressed.  
2. Background 
The Swedish sector of the Baltic Sea offshore the islands of Gotland, Öland and Bornholm and onshore Gotland 
have been the focus of hydrocarbon explorations. Furthermore, the Swedish Geological Survey (SGU) has 
conducted bedrock mapping, and onshore drilling in the same area [e.g. 10]. Figure 1 shows the location of some of 
the offshore seismic surveys and deep boreholes. The data were collected during different campaigns over a time 
span of more than 50 years, from the end of 1930s to early 1990s, and the inventory of available core data originates 
from older SGU wells and scattered intervals in the OPAB wells [10]. The available petrophysical data from the 
Swedish Baltic Sea basin is mainly from 100 cores from different intervals in the boreholes. The cores have been 
non-destructively investigated with different target properties. A summary of the existing data together with the 
origin of each is presented in table 1.  
In the last decade, studies have been using available data for estimating the potential for CO2 storage in Sweden, 
e.g. [3]-[4]. Results suggest that Cambrian sandstone formations can be the potential reservoir rock, with potential 
caprocks consisting of Ordovician/Silurian limestones and marlstones. The Cambrian sandstone layers are mainly 
consisting of three lithostratigraphically distinct intervals which, from the bottom to the top, are Viklau, När and 
Faludden. The total thickness of the sandstone layers is estimated to be nearly 80 m [12]. Figure 2 shows the depth 
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of the top Cambrian sandstone in the Swedish side of the Baltic Sea. The Ordovician rock layers are estimated to 
have 50-100 m thickness based on borehole data [4]. 
 
 
Fig. 1. Overview of the offshore seismic lines and deep boreholes reaching the Cambrian sandstone (after [4]). The inserted map (up-left corner 
of the figure) shows the location of all boreholes in Gotland that reached the Cambrian sandstone  
 
Fig. 2. Top Cambrian sandstone depth (after [12]) 
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Table 1. Summary of the conducted measurements of petrophysical properties on the potential reservoir rock and caprock samples from the 
Swedish Baltic Sea (southern Gotland) 
 
Property 
 
Number of tested samples  
Average ± std. 
 
 
 
Data origin 
[13] 
När 
sandstone 
Viklau 
sandstone 
Faludden 
sandstone 
Unspecified 
sandstone 
Limestone/ 
Siltstone 
 
Porosity (%) 
 
8 
 
15 
 
16 
 
7 
 
20 
sandstone:      15.3±4.9 
 
silt/lime stone: 3.7±4.4 
SGU 2006 
OPAB 1976-1983-
1986 
SGU 2002 
 
Permeability (mD) 
 
4 
 
2 
 
16 
 
2 
 
16 
sandstone:      466±506 
 
silt/lime stone: 12±43 
SGU 2006 
OPAB 1976-1983-
1986 
SGU 2002 
 
 
Density (g/cm3) 
 
 
8 
 
 
14 
 
 
9 
 
 
7 
 
 
11 
sandstone:      
2.59±0.42 
 
silt/lime stone: 
2.49±0.76 
SGU 2006 
OPAB 1976-1983-
1986 
SGU 2002 
 
Vertical thermal 
conductivity 
 (W/mK) 
 
 
13 
 
 
13 
 
 
5 
 
 
4 
 
 
2 
sandstone:      
3.098±1.006 
 
silt/lime stone: 
3.443±0.106 
 
 
SGU 2012 
 
Thermal diffusion 
(Horizontal) 
(mm2/s) 
 
 
13 
 
 
13 
 
 
5 
 
 
4 
 
 
2 
sandstone:      
2.221±1.370 
 
silt/lime stone: 
2.429±0.130 
 
 
SGU 2012 
 
Furthermore, bulk chemical analysis (ICP-AES/MS) has been conducted by SGU on 35 samples, consisting of 25 
Cambrian sandstone and 10 Ordovician limestone samples. Among the chemically analyzed samples there are 8 
Cambrian sandstone- and just one Ordovician limestone samples which are also tested in this study.  A summary of 
the chemical analysis is presented in table 2.  
Table 2. Summarized results from chemical analysis (ICP-AES/MS). The main chemical components in percentage in Cambrian sandstone and 
Ordovician limestone core samples are presented, after [13].    
 SiO2 
± 
Al2O3 
± 
CaO 
± 
Fe2O3 
± 
K2O 
± 
MgO 
± 
Na2O 
± 
P2O5 
± 
TiO2 
± 
LOI* 
± 
Cambrian 
sandstone 
94.0 
4.4 
1.14 
0.95 
0.82 
1.77 
0.99 
0.92 
0.51 
0.54 
0.13 
0.32 
0.05 
0.04 
0.05 
0.05 
0.17 
0.14 
1.36 
1.79 
Ordovician 
limestone 
5.2 
4.3 
1.07 
0.98 
50.62 
3.64 
0.65 
0.66 
0.41 
0.36 
0.67 
0.28 
0.11 
0.03 
0.03 
0.02 
0.06 
0.05 
40.43 
2.94 
•
 Loss On Ignition 
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As expected, the concentration of SiO2 in the sandstone samples is significantly higher than that in the limestone 
samples. Also, the concentration of CaO is considerably higher in the limestone samples. Furthermore, the high 
amount of loss on ignition in the limestone samples may imply the high concentration of organic materials.  
3. Materials and methods 
25 core samples from 10 boreholes and a depth range of 146 to 586 m were provided by SGU and subjected to 
density and ultrasonic wave velocity measurements. The samples consist of 16 sandstone and 9 limestone cores. The 
experiments consist of dry- and saturated density and ultrasonic P-wave velocity measurements. Attempts to 
conduct the S-wave velocity measurements failed probably due to poor contact between the S-transducers and the 
sample surface.   
The densities of the samples were measured in dry and saturated states by dividing respectively their dry and 
saturated weights to their volumes [14]. The ultrasonic velocities of the samples were measured according to ASTM 
D2845-08 [15]. The measurement setup consists of an oscilloscope/Picoscope, a pulse generator unit with pulse 
repetition frequency of 1 kHz and pulse voltage of 400 V and two OLYMPUS cylindrical P-wave transducers with 
the frequency of 1 MHz. The transducers could operate both as transmitter and receiver. The measurements were 
done in room temperature and atmospheric pressure and were conducted in two directions; along the axis of the core 
samples and along their diameters. Diametric velocity measurements were conducted for the limestone samples (9 
samples) and performed at every 30° along the periphery of the samples (6 measurements /sample). Diametrical 
measurements were conducted to give an estimate of the anisotropy degree of the samples; anisotropy in directions 
perpendicular to the axis of a core sample is indicated by a change in velocity with different diametrical angle and 
with difference to the axial measurements. The degree of anisotropy (Ȟani), in percent, has been evaluated from the 
measured maximum, minimum and average diametrical velocities, Vmax, Vmin and Vmean respectively, by: 
     
 
100*minmax
mean
ani V
VV
v
−
=
                                                                         (1) 
The evaluated anisotropy degree can be correlated to the mineralogical foliation of the samples e.g. according to 
[16]; Ȟani of 2-6 % can be correlated to weak foliation, Ȟani of 6-20 % to moderate foliation and Ȟani of 20-40 % to 
strong foliation.   
  
4. Results  
The results of the conducted density and axial P-wave velocity measurements for sandstone samples are 
presented in table 3. The average dry and saturated densities are 2.10±0.14 gr/cm3 and 2.26±0.12 gr/cm3, 
respectively. The average dry and saturated axial P-wave velocities are 2.60±0.72 km/s and 3.14±0.95 km/s, 
respectively.  
Table 3. Density and axial P-wave velocity for dry and saturated sandstone samples  
 
Well ID 
 
Depth 
 (m KB)* 
 
 
Litho-stratigraphy 
 
Dry density 
(g/cm3) 
Saturated 
density 
(g/cm3) 
Axial 
dry velocity 
(km/s) 
Axial 
saturated  
velocity 
(km/s) 
När 1 549 När sandstone 1.93 2.16 - 1.49 
När 1 582.05 När sandstone 2.13 2.22 - - 
När 1 559.55 När sandstone 2.00 2.16 1.59 - 
När 1 577 När sandstone 2.19 2.31 3.06 3.57 
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Segerstad 146.86 När sandstone 1.95 2.13 1.63 - 
File haider 487.10 Viklau sandstone 2.11 2.24 2.13 2.27 
När 1 586.35 Viklau sandstone 2.21 2.34 3.24 3.77 
När 1 633.6 Viklau sandstone 2.27 2.36 3.03 4.02 
Segerstad 237.1 Viklau sandstone 2.38 2.44 4.20 4.94 
Gotska Sandön 185 Cambrian unspecified sandstone 1.93 2.11 1.98 1.72 
Gotska Sandön 188.8 Cambrian unspecified sandstone 2.01 2.21 2.30 2.78 
Visby 1 321.9 Cambrian unspecified sandstone 1.96 2.16 - - 
Visby 1 375.9 Cambrian unspecified sandstone 1.98 2.16 - 3.49 
Visby 1 394.9 Cambrian unspecified sandstone 2.10 2.24 2.45 2.59 
När 1 525.8 Mossberga/Grötlingbo siltstone 2.24 2.33 2.95 3.60 
När 1 542.05 Grötlingbo siltstone 2.21 2.59 2.58 3.38 
•
 KB (stands for Kelly Bushing) indicates the datum for depth measurement  
 
The results of the conducted density and P-wave velocity (axial and diametrical) measurements for the limestone 
samples are presented in table 4. Velocity anisotropy is also evaluated for the limestone samples. The average dry 
and saturated densities are 2.56±0.08 gr/cm3 and 2.58±0.08 gr/cm3, respectively. The average dry and saturated axial 
P-wave velocities are 5.30±0.50 km/s and 6.09±0.22 km/s, respectively. 
Table 4.  Density and P-wave velocity (axial and diametrical) for dry and saturated limestone samples 
 
Well ID 
 
Depth 
 (m 
KB)* 
 Dry 
density 
(g/cm3) 
Sat. 
density 
(g/cm3) 
Axial 
Dry 
velocity 
(km/s) 
Axial 
Sat. 
velocity 
(km/s) 
Max.  
radial 
velocity 
(km/s) 
Min. 
radial 
velocity 
(km/s) 
Mean 
radial 
velocity 
(km/s) 
Aniso-
tropy 
 
(%) 
 
Liste 1 
 
281.03 
Unspecified Ordovician 
limestone 
2.51 2.52 5.51 6.20 4.07 3.84 3.97 6 
 
Liste 1 
 
287.55 
Unspecified Ordovician 
limestone, vuggy 
2.61 2.62 5.15 6.19 3.95 2.52 3.65 39 
 
Liste 1 
 
281.42 
Unspecified Ordovician 
limestone fractured 
2.64 2.65 6.01 6.38 4.20 1.63 3.66 70 
 
Liste 1 
 
287.55 
Unspecified Ordovician 
limestone 
2.63 2.64 5.94 6.21 4.27 4.18 4.24 2 
 
Stormyr 2 
 
217.66 
Unspecified Ordovician 
limestone 
2.52 2.54 5.22 5.75 3.91 3.81 3.86 3 
 
Stormyr 2 
 
258.98 
Unspecified Ordovician 
limestone 
2.57 2.59 4.84 5.80 4.34 3.59 3.88 19 
 
Båticke 5 
 
341.35 
Unspecified Ordovician 
limestone 
2.61 2.62 5.16 6.24 4.16 2.76 3.91 36 
 
Risugns 7 
 
227.06 
Unspecified Ordovician 
limestone, vuggy 
2.37 2.39 4.30 5.78 4.09 3.91 4.05 4 
 
Rute 2 
 
234.70 
Unspecified Ordovician 
limestone 
2.62 2.63 5.55 6.22 4.24 4.10 4.18 3 
•
 KB (stands for Kelly Bushing) indicates the datum for depth measurement  
5. Discussion  
The available data for the physical properties of the reservoir- and caprock formations at the Swedish Baltic Sea 
(Gotland and its surrounding) is limited to the results from experiments on 100 core samples, where each physical 
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property has been evaluated based on analysis of maximum 50 samples. The standard deviations for the evaluated 
properties are very high, in some cases even higher than the average value, probably due to aleatory variability and 
epistemic uncertainty of the properties; aleatory variability deals with the randomness in the results coming from the 
same type of experiments on the samples and epistemic uncertainty deals with the lack of knowledge due to limited 
data/insufficient measurements.  Further tests, especially on caprock samples, are required to give a meaningful 
view of the measured petrophysical properties. Chemical analysis, from the pre-existing study, has been conducted 
just on one caprock- and 34 reservoir rock samples, which are mostly different from those samples that were tested 
for physical properties in this study. No significant correlation could therefore be identified between the chemical 
and physical properties. The chemical analysis only implies the expected higher amount of SiO2 in sandstone 
samples in comparison to the only chemically analyzed caprock sample.  
 The density and P-wave velocity of the limestone samples are considerably higher than those of the sandstone 
samples, while the density measurements from SGU show the contrary. This might be either due to the time span 
during which the densities are measured or may imply that the 25 tested samples at LTU are not representing the 
total 100 core samples available for the Swedish southern Baltic Sea. 
Anisotropy in diametric P-wave velocity is observed from the ultrasonic measurements of the caprock samples. It 
may imply weak, moderate or even strong foliations in the samples. Anisotropy in thermal properties of the 
reservoir rock samples could also be observed in thermal conductivity and thermal diffusion of the samples, where a 
significant difference could be observed in vertical and horizontal thermal conductivity/thermal diffusion. A better 
understanding of the samples’ anisotropy however requires more tests on both the reservoir and the caprock 
samples.     
 The few available petrophysical properties of the samples from the Swedish Baltic Sea basin are however 
comparable to those of the test sites for shallow CO2 injection, e.g. Ketzin site at Germany [17]-[18] . Table 5 
presents a comparison between some of the evaluated properties in these two sites.  
Table 5. Comparison between estimated petrophysical properties at southern Swedish Baltic sea formation and those from test injection site at 
Ketzin, Germany 
 Storage formation Formation 
thickness 
(m) 
Depth of reservoir unit 
(m) 
Porosity 
(%) 
Permeability 
(mD) 
 
Swedish Baltic 
Sea 
 
Cambrian sandstone   
 
 
50-100 
 
>700 
Reservoir rock 
3-25 (average 15) 
Caprock 
0.3-15  
 
Reservoir rock 
0.15-1750 
Caprock 
0.02-182 (average 12) 
 
Ketzin 
 
Stuttgart formation  
 
71-74 
 
630 - 650 
Reservoir rock 
5-35 (average 23) 
Caprock 
average of 17 
Reservoir rock 
0.02 - 5000 
Caprock 
0.1-10 (average 0.1) 
 Ehsan Elhami et al. /  Energy Procedia  97 ( 2016 )  356 – 363 363
 
6. Conclusions  
There are only 100 core samples from the reservoir rock and caprock formations at the Swedish Baltic Sea. The few 
available data from the experiments on a small portion of these cores and during a large time span, is subjected to 
aleatory variability and epistemic uncertainty which challenges a meaningful understanding of the physical 
properties of the reservoir rock/caprock formation and so their implications for CO2 storage. The available data from 
the Swedish part of the southern Baltic Sea is however comparable to the injections site at Ketzin, where successful 
shallow CO2 injection has been conducted. A consistent full analysis of all intervals and samples form the Swedish 
Baltic Sea basin need to be performed to address questions like scatter of the data and samples’ anisotropy.     
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